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Abstract

Over the last thirty years the name HPLC has been synonymous with high-speed liquid chromatography and
during the last ten years we have experienced a dramatic increase in the speed of analysis particularly as far as the
separation of biological macromolecules, such as proteins, is concerned. With a solid grounding in the chromato-
graphic theories, column technology has been mainly responsible for the advances in this field. Recent development
shows that columns packed with micropellicular or gigaporous stationary phases of the bidisperse or the bimodal
type facilitate rapid mass transfer between the mobile and stationary phases and thus can deliver high resolution
separations in a very short time. This suggests that HPLC has the potential to be the prime analytical technique for
on-line monitoring of biotechnological processes in real time. Further enhancement of the speed of separation
comes from the use of elevated temperatures. The role of temperature in HPLC has largely been ignored and most
commercial instruments are not equipped with appropriate temperature control. Results presented here strongly
suggest, however, that elevated column temperature may find increasing use in the HPLC of large molecules. In
such analytical applications temperature programming may also play a major role provided columns with low heat
capacity, such as packed fused-silica capillaries, gain wider employment in HPLC.
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1. Introduction

The development of the technique, which we
call by the acronym HPLC, commenced about 30
years ago [1]. At that time the high pressure was
the dominant new operational and instrumental
characteristic and the relatively high speed of the
technique was the most important measure of
performance. For this reason the name ‘‘high-
speed liquid chromatography™ was also used
concurrently with  “high-performance liquid
chromatography” to denote the new technique
[2.3]. Although it has acquired over the years all
features associated with high performance, the
high speed of separation is still a cardinal feature
of HPLC.

High-speed HPLC has been widely used in
routine analytical work, method development,
process monitoring and quality control, and
further progress in these area depends on the
development of efficient means for more rapid
separations. It is particularly important due to
the sequential nature of the separation by col-
umn chromatography that allows the separation
of only one sample at the time in contrast to
planar chromatographic and electrophoretic
techniques which facilitates simultaneous sepa-
ration of several samples. With advances in data
acquisition and processing, sample preparation
and the chromatographic separation steps are the
weakest links in the chain of analytical infor-
mation gathering and transfer as shown in Fig. 1.
Since the preparation of a large number of
samples can be carried out parallel, however, the
ultimate limiting step remains the chromato-
graphic separation per se.

Recently, process monitoring and control have
drawn attention in biotechnology in response to
the requirements by federal regulatory agencies
[4]. At the present, mostly off-line analytical
procedures [5]. which may take several hours or
even days, are employed for “‘in-process analy-
sis”". The need for on-line monitoring by rapid
analytical methods is increasingly recognized to
carry out real time monitoring and thus avoid the
loss of product and to reduce the total process
time and cost [6-8].

Recent advances in HPLC with concomitant
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Fig. 1. Schematic illustration of the sample and information
flow. Due to the sequential nature of sample handling by
column chromatography, HPLC separation is usually the
rate-limiting step of the processes. Sample preparation can be
carried out in a parallel fashion so that a large number of
samples can be simultaneously processed.
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enhancement of the separation speed and ef-
ficiency strongly suggest that HPLC has the
potential to become an important method for
on-line monitoring [9]. Although much is ex-
pected from the development of various sensors
[10] for such purposes, the capability for rapid
sequential multicomponent analysis makes a
suitable liquid chromatograph to be the ultimate
sensor, particularly when the advances antici-
pated in miniaturization lead to a new generation
of instruments. As a separation technique with
high resolving power, HPLC is superior in moni-
toring the concentration of several components
over other conventional on-line methods, such as
spectroscopic or electrochemical measurements.
In the past few years, different approaches have
already been developed to monitor by HPLC the
fermentation process [11-14] or the effluents
from down-stream processing operations [15-
17]. By and large HPLC is poised to become a
quasi-real time monitoring tool for processes in
biotechnology.

Rapid analytical HPLC methods will offer
significant advantages also in routine analytical
work in the laboratory. Furthermore, analytical
HPLC is increasingly used in molecular chroma-
tography to obtain information on the structure
of biopolymers, such as proteins, and to study
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molecular interactions as well as the chromato-
graphic process proper at the molecular level
[18-20]. By increasing the speed of analysis, the
analytical productivity and efficiency of both the
operator and the instrument can greatly be
improved. On the other hand, multidimensional
liquid chromatography with coupled columns
[21] entails a large number of individual chro-
matographic runs and is therefore, greatly lim-
ited today by the total amount of time required
for a complete analysis. Further reduction in the
time required for each of the separation steps is
necessary to develop the full potential of this
highly promising technique and to make multi-
dimensional HPLC, with appropriate automated
instrumentation, a powerful analytical method
that can be widely used for the determination of
the composition of samples containing many
components.

In the present report, we shall discuss recent
advances and some approaches to achieve rapid
analysis of peptides and proteins by HPLC, the
peculiarities of the attendant instrumentation
and the operational parameters of high-speed
HPLC.

2. Theory

The time of chromatographic analysis can be
defined as the retention time. t;, of the most
retained sample component. Under isocratic
conditions it is given by

L
te=""(1+ k") (1

where k' is the retention factor of the last peak,
L is the column length and u is the linear flow
velocity of the mobile phase. The column length
depends on the number of theoretical plates, N,
required for the multicomponent separation and
on the reduced plate height, 4. as

L=Ndh 2)

where d is the particle diameter. On the other
hand u can be expressed by the reduced flow

velocity, », which is also termed Peclet number
in the chemical engineering literature, as

D, v
u==3 3)

P

where D is the eluite diffusivity in the mobile
phase.

According to Darcy’s law, the pressure drop
across the column is

_ulmy
d,

AP @
where AP is the pressure drop and 7 is the
viscosity of mobile phase. The parameter ¢ is
given by 180(1 + w)(1 — €)*/e’, where € is the
interstitial porosity, 0.4 for random packing, and
w is the volume ratio of the intraparticulate and
interstitial void spaces. The latter can be as-
sumed to be unity for totally porous and neg-
ligibly small for pellicular sorbents.

For fixed pressure drop and plate number, the
shortest analysis time, gy, is achieved at the
optimum flow velocity, y, [22] at which the
reduced plate height has its minimum value, A,.
Under such conditions r; can be expressed as

. Nhony

g ="pp (+K) )

and the particle diameter d, is obtained as

h,v,ND, s
d,= \/ AP ©

In the chromatography of small molecules, D,
can be taken as 1-107° cm’/s. If we set N to
5000, AP to 300 bar, k' to 3, h, to 2, ¥, to 3 and
n to 10 > g cm ' s7', the separation time
calculated from Eq. 5 is approximately 10 s. In
this particular case the column length, flow
velocity and particle size were evaluated as 1 cm,
0.3 cm/s and 1 um, respectively, by using Egs.
2, 3 and 6 with the minimum reduced plate
height and optimum reduced velocity.

In the chromatography of large molecules
having much smaller diffusivities, however, the
requirements may change dramatically. If we use
D,, of 5-1077 cm?®/s instead of 1-107° cm®/s in
the case above, we find that for an analysis time
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of 10 s, the column length, flow velocity and
particle size typically required in macromolecular
chromatography would be 0.2 cm, 0.08 cm/s and
0.2 pm, respectively. Whereas such particles are
too small for use in packed columns at present, a
thick membrane or a stack of thin membranes
having 0.2-um pores, suitable retentive prop-
erties, and favorable pore morphology could
serve as a chromatographic column for such
rapid separations [23].

In practice, the separation of large molecules
is generally carried out by using gradient elution.
Under linear solvent strength gradient condi-
tions, the analysis time can be estimated by the
relationship [24]

L I(’i
REUTTTE
%

0

(7)

where ¢ is the gradient time and k,, and k; are
the respective isocratic retention factors of the
most retained sample component at the initial
and final mobile phase compositions.

Under gradient conditions the plate number of
the column can be estimated at high flow veloci-
ties by using the expression [25]

toD,
N k. (8)

LISC'dyk log 7*

where & is the retention factor at the midpoint of
the column and the parameter C' depends on the
porosity and structure of the packing, the
equilibrium constant and the stationary phase
configuration, which represents the particular
form and structure of the support and the
stationary phase proper. Certain novel stationary
phase configurations, such as pellicular, gigapor-
ous, and gel-in-a-shell type are of interest in
high-speed HPLC of large molecules and will be
discussed later.

At fixed plate number and the pressure drop,
the advantages of small particle size for a given
separation are evident from Eqgs. 4 and 8. Both
the column length and gradient time decrease
with dﬁ and as a result the reduction in d, yields
fast separations as seen from Eq. 7. However,

there is a lower practical limit for the particle
diameter and therefore further gains would re-
quire the use of stationary phases of special
configuration that yields small values of parame-
ter C' in Eq. 8. The resolution in gradient
elution does not depend on the column length
and the flow velocity [25], thus, flow velocity can
be increased, and at the same time the column
length reduced, to achieve fast separations at a
fixed column inlet pressure.

As seen from Eq. 4, the mobile phase velocity,
at the fixed pressure drop, can be increased upon
reducing the eluent viscosity by using elevated
temperature and thus practicing ‘‘superheated”
liquid chromatography [26] or even supercritical
fluid chromatography with eluents commonly
employed in HPLC. Such conditions also lead to
an enhancement of the eluite diffusivity in the
mobile phase, thus to a reduction of the time of
analysis with the same column at a fixed plate
number according to Eq. 8 provided the station-
ary phase is stable at elevated temperatures.

In summary, the employment of small par-
ticles, stationary phase configurations with favor-
able mass transfer properties, and elevated col-
umn temperatures combined with the use of
steep gradients, high flow velocities, and short
columns can be a very effective means to bring
about rapid separations of large molecules, such
as peptides and proteins.

3. Column design
3.1. Particle size

The effect of the particle size on the analysis
time is well understood when using columns
packed with conventional sorbents [22,27-30].
Small particles yield enhanced column efficiency
by virtue of the relatively small intraparticulate
mass transfer resistance due to the short diffu-
sion distances and to a lesser extent due to the
small contribution of “eddy diffusion” to the
plate height [31]. The enhancement of intrapar-
ticular mass transport is particularly important
for the rapid separation of large molecules hav-
ing low diffusivities.
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For fixed plate number the retention time can
be calculated as a function of particle diameter
d, by combining Egs. 1-3 as

(1+k)Nh
R = D v .dp (9)

As we mentioned in the previous section,
high-speed chromatography of large molecules is
often carried out at high reduced velocities.
Under such conditions the magnitude of in-
traparticle diffusion resistances in columns
packed with porous adsorbents determines the
dependence of the reduced plate height on the
reduced velocity. In certain practical cases h can
be considered to be linearly dependent on » and
the slope of the 4 vs. v plot at k' =3 is found to
be approximately 0.3 [32]. The results obtained
by using Eq. 9 with this assumption and for a
given set of practical conditions_ used in macro-
molecular separations are shown in Fig. 2. It is
seen that columns packed with 1-3-um monodis-
perse particles can yield 2000 theoretical plates
within a few minutes in the separation of large
molecules.

Columns packed with 1.5-um [33] and 2-um
[34] pellicular as well as 2-um [35] porous
stationary phase particles have been employed in
rapid analysis of peptides and proteins. Columns
packed with small particles, however, have low
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Fig. 2. Dependence of analysis time and pressure drop on
particle size at a given plate number for totally porous
materials. k' =3, h=03v. D, =5-10" em’/s. L =3 cm.
71 =0.9 cP, € = 0.4, and the required N is shown in the figure.

permeability and require high column inlet pres-
sure at flow velocities employed for fast sepa-
rations. The inlet pressure required for columns
packed with conventional porous spherical
stationary phase particles and operated at high
reduced velocities can be determined by

_ LD, ¢

AP = 10
0.3Nd, (19

The dependence of the column inlet pressure
on the particle diameter was calculated by Eq. 10
and the results are also depicted in Fig. 2. Since
the pressure is inversely proportional to the
fourth power of particle diameter, it increases
rapidly with decreasing particle size. As a result
the potential of microparticulate stationary
phases in HPLC of large molecules is limited by
the low column permeability. In such cases, it
may be particularly appropriate to reduce the
viscosity of the mobile phase by carrying out
chromatography at elevated column tempera-
tures with columns having adequate stability for
operation at high temperatures. The peculiarities
of HPLC at high temperatures will be discussed
later in this paper.

3.2. Stationary phases of novel configuration

In addition to the particle size, the configura-
tion of the stationary phase also plays an im-
portant role in determining the speed and ef-
ficiency of separation. For rapid HPLC station-
ary phases of novel configuration, e.g., micropel-
licular, gigaporous, or gel-in-a-shell type were
developed during the past few years and found
to have mass transfer properties superior to
conventional column packings. Indeed, columns
packed with such stationary phases are eminently
suitable for the HPLC of biological macromole-
cules at high efficiency and high speed.

3.2.1. Micropellicular stationary phases
Pellicular stationary phases with an average
particle size of 40 pm were first introduced in the
mid-1960s [36] after the felicitous experience
gained with such stationary phase structure in
gas chromatography [37]. Whereas pellicular
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stationary phases dominated HPLC in the early
years, they were largely replaced in the seventies
by totally porous microparticulate bonded phases
for the separations of small molecules upon the
availability of high performance air classifiers for
subsieve particles. Micropellicular stationary
phases having small particle diameter (d, = 1.5-
5 wm) shown in Fig. 3 regained interest in the
middle eighties for the rapid HPLC of biopoly-
mers [33,34,38-40] and are expected to play an
important role in analytical work.

As shown in Fig. 3 the configuration of the
actual stationary phase in micropellicular pack-
ings is a spherical annulus supported by a fluid
impervious, rigid microsphere. The main advan-
tage of such sorbents rests with the rapid mass
transfer between the mobile and stationary
phases because the diffusion distance in the thin
retentive layer of the particles is short. Owing to
the solid, fluid-impervious core of the micropel-
licular packings, columns are stable at high
pressures and elevated temperatures unlike those
packed with conventional porous materials.
Moreover, they also provide improved re-
coveries in the separation of proteins and pep-
tides. The cavernous interior of conventional
sorbents is considered to be responsible for the
entrapment of sample. The loading capacity of
columns packed with micropellicular stationary
phases is relatively low with small molecules, yet
with macromolecules it is not much smaller than
the loading capacity of totally porous sorbents

Thin retentive layer:
the configuration of

the actual stationary
phase is a spherical
annulus

~

Fluid-impervious support:
fused silica or highly
crosslinked, organic
polymer microspheres

f«—15 to 7pum —]

Fig. 3. A schematic illustration of the pellicular stationary
phase configuration.

[41]. Because of the small particle diameter (1.5—
3 um) of the micropellicular packings, the per-
meability of the column is low. This impediment,
however, can be mitigated by carrying out the
separation at elevated temperature at which the
mobile phase viscosity is reduced. The combina-
tion of elevated column temperature and the
micropellicular stationary phase configuration
offers a powerful means to facilitate rapid and
efficient separation of large molecules [34,42].
Fast separation of a mixture of four proteins
depicted in Fig. 4 was achieved in 6 s at 120°C on
a 3-cm HY-TACH column packed with 2-um
pellicular ODS-silica. Fig. 5 shows peptide pro-
files of tryptic digests of B-lactoglobulin A and
methionyl human growth hormone produced by
recombinant DNA technology. The chromato-
grams were obtained on a HY-TACH column
similar to that used in Fig. 4. Whereas the quality
of the separation does not meet the high stan-
dards of the tryptic maps used in protein analy-
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Fig. 4. Rapid separation of standard proteins. Column, 30 X
4.6 mm. packed with 2-um pellicular ODS-silica; 12 s linear
gradient from 10 to 90% (v/v) acetonitrile (ACN) in water
containing 0.1% (v/v) trifluoroacetic acid (TFA); tempera-
ture, 120°C; flow-rate, 5 ml/min; column inlet pressure, 240
bar. Peaks: 1=ribonuclease A; 2=cytochrome c¢; 3=
lysozyme: 4 = B-lactoglobulin B. From Ref. [42].
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Fig. 5. Chromatographic profiles of tryptic digests of (A)
B-lactoglobulin A and (B) methionyl human growth hor-
mone. Column, 30 x 4.6 mm. packed with 2-um pellicular
ODS-silica; linear gradient from 0 to 95% (v/v) acetonitrile
in water containing .1% (v/v) TFA in (A) 2 min at 5 ml/min
and (B) 6 min at 4 ml/min; temperature. 80°C; samples. 5 pg
of protein digest each. From Ref. [39].

sis, the time of separation is only a very small
fraction of that required by conventional means.

3.2.2. Gigaporous packings

More recently, supports having pore diameters
greater than one hundredth of the particle diam-
eter were introduced for fast protein chromatog-
raphy [43-45]. So far two major types of such
gigaporous stationary phases have received great
attention. One is prepared by using a bidisperse
rigid gigaporous support with an appropriate
retentive surface and the column is operated
under conditions when mass transfer inside the
stationary phase particles involves both in-
traparticle convection in the gigapores and diffu-
sive transport in the smaller pores. The convec-
tive transport in the gigapores is often referred
to in the literature as perfusion and such par-
ticles are termed perfusive [43]. The other type
has a so called “gel-in-a-shell” configuration
which is described as a rigid gigaporous support
particle filled with a retentive hydrogel [46].
Unlike conventional packed columns, the ef-
ficiency of columns packed with the first type of

stationary phase does not deteriorate much at
high flow velocities even with proteins under
conditions of no adsorption. This feature which
greatly facilitates high-speed separation of bio-
logical macromolecules is attributed to in-
traparticle convection in the gigapores [43,47]. A
schematic illustration of the cross-section of such
stationary phase particles is presented in Fig. 6.
Columns with gigaporous packings of this type
usually have significantly lower loading capacities
despite the presence of the small pore regions
than those packed with conventional porous
column materials.

The favorable mass transfer properties of
gigaporous supports manifest in reduced in-
traparticle mass transfer resistances so that the
corresponding reduced plate height increment,

Hinea- 1S given by [46]
. D¢
hinlm =C- D 4 (11)

app

As discussed earlier, the magnitude of 4,,,,,
dominates the reduced plate height at high flow
velocities in columns packed with conventional
porous materials and the value of A, is negli-
gible in columns packed with pellicular sorbents.
The effects of intraparticle convection is mea-
sured appropriately by the relation between the
effective diffusivity in the gigapores, D, and the
apparent effective diffusivity, D, ., which in-
corporates the effects of both diffusion and
convection in the gigapores of a spherical par-

Gigapore with
convection

N
e

Cind

Fig. 6. A schematic illustration of the bidisperse gigaporous
stationary phase configuration. After Ref. [43].

Diffusive pore
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ticle {43,47,48]. The latest of these theoretical
relationships [47] is given by

(1+5)0;
D, =f\1+735)D, (12)

where v’ is the reduced velocity in the gigapores
and f is the correction factor for diffusive trans-
port in the small pores.

The advantages of gigaporous bidisperse
stationary phases are most evident at high flow
velocities where the favorable effect of in-
traparticle convection on the apparent diffusivity
is greater than at low flow velocities. The effect
depends on the ratio of the diameter of the
gigapores to the particle diameter that is as-
sumed to be proportional to the square root of
the ratio of the intraparticle flow velocity to the
interstitial flow velocity. In Fig. 7 the theoretical
dependence of A on v is illustrated in the
absence of intraparticle convection and for three
cases with different gigapore to particle diameter
ratios as well as for pellicular packings with a
chromatographic surface completely exposed to
the cluent stream perfusing the column.
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Fig. 7. Illustration of the reduced plate height for a retained
cluite (k'=2) as a function of the reduced velocity for
various types of column packings. For gigaporous particles.
the increasing level of intraparticle convection is expressed by
increasing values of the ratio d,"ld;, which is equivalent to
the ratio of the mean gigapore diameter to the mean
interstitial channel diameter of the column packing. From
Ref. [47].

The reduced mass transfer resistance in open
gigaporous packings allows the use of relatively
large particles and high flow velocities thus
facilitates rapid analysis of large molecules. This
is illustrated in Fig. 8 by the fast separation of a
standard protein mixture on a 3 cm long column
packed with 20-um gigaporous adsorbents [16].
It has been shown that the capacity of the
column packed with such gigaporous material of
bidisperse pore structure does not change strong-
ly with the flow velocity [43], and as a result,
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Fig. 8. Reversed-phase separation of proteins. Column, 30 X
2.1 mm, packed with 20-pm highly cross-linked styrene—
divinylbenzene having 6000 to 8000 A gigapores; gradient
time, 24 s; flow-rate, S ml/min. Peaks: 1 =ribonuclease A;
2 =cytochrome c¢; 3=lysozyme; 4= B-lactoglobulin; 5=
ovabumin. From Ref. [16].
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columns packed with such material find use in
high-speed separation of peptides and proteins in
both analytical and preparative/process-scale
applications with modest plate requirements.
Nevertheless, in the latter application, the load-
ing capacity of columns packed with open
gigaporous stationary phases may be still consid-
ered low despite their enhanced mass transfer
properties due to intraparticulate convection.

The potential of gigaporous sorbents for rapid
chromatography has not yet been fully exploited.
For instance, gigaporous silica particles have
been available for some time (cf. Table 1). yet.
there is a paucity of literature data on their use
for fast separation of substances having high
molecular mass. Similarly, commercially avail-
able gigaporous ceramic hydroxyapatite may also
be a useful stationary phase for rapid separation
of proteins and nucleic acids.

A recent approach addresses the problem of
low capacity by filling the open pores in the rigid
support particles with a hydrogel which contains
appropriate retentive sites and is permeable at
least in part to the biopolymers to be separated.
This novel stationary phase configuration shown
in Fig. 9 is claimed to combine high loading
capacity of the soft gels with the mechanical
stability of the rigid particles so that the column
can be operated at relatively high flow velocities
[46]. Columns packed with this type of stationary
phase may offer a felicitous combination of
loading capacity, efficiency, speed, resolution,
recovery and stability in comparison to the
conventional stationary phases [45].

The novel stationary phase configurations of
enhanced mass transfer properties described
above are expected to find most efficient use in
different types of applications where their po-
tential can be fully exploited. Columns packed
with pellicular sorbents are the best in obtaining
rapid and high resolution analytical separations
of biomacromolecules. Their relatively low load-
ing capacity, however, impedes their employ-
ment in preparative separations with the excep-
tion of micropreparative applications where high
speed and efficiency are required [49]. Columns
packed with bidisperse gigaporous particles arc
designed for separations faster than those obtain-

able with conventional porous materials. They
are particularly suited for rapid separations
which do not require high efficiency as shown in
Fig. 10 [47]. The advantages of such columns are
manifest in high-speed analytical separations as
well as in preparative-scale purifications. Col-
umns packed with gel-in-a-shell stationary phases
may have significantly higher loading capacity
than those packed with open bidisperse gigapor-
ous sorbents but their efficiency likely to dimin-
ish much faster upon increasing the flow velocity
beyond a presently practical value. Thus both
types of gigaporous sorbents are expected to find
applications in high-speed, large-scale purifica-
tion of proteins.

3.3. Column dimensions

Several studies have suggested that the res-
olution of macromolecules is rather insensitive to
column length and flow velocity under conditions
of gradient elution [25,28,50,51]. Therefore fast
separation of peptides and proteins is usually
carried out by gradient elution with short col-
umns at high flow velocities often at the maxi-
mum permissible column inlet pressure of the
system as discussed in the Theory section. Since
the number of theoretical plates increases only
with the square root of column length under
isocratic conditions, also in this case the length
of the column should be kept at a minimum for
fast separations. The separation of B-lactoglobu-
lin A and B within 15 s on a 1 cm long HY-
TACH column packed with micropellicular octa-
decyl-silica under isocratic elution conditions is
illustrated in Fig. 11 [34]. This seems to be an
extreme case of short columns because in gener-
al, 3-5 cm long columns are used for the sepa-
rations of proteins in contrast with the 10-25 cm
long columns employed for analysis of peptide
mixtures [51].

The column diameter in the present practice of
HPLC ranges mostly from 3 to 5 mm. However,
the use of narrow-bore columns having a diam-
eter between 0.5 and 2 mm and micro-bore
columns with a diameter smaller than 0.5 mm is
gaining significance. Columns with 1 mm inner
diameter were used already in the mid-1960s [36]
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Rigid support

Retentive gel

Fig. 9. Artist’s rendition of the so called “gel-in-a-shell”
stationary phase configuration.

but the instrumental constraints hampered the
general acceptance of such narrow-bore columns
at the dawn of HPLC. The broad impact of
fused-silica capillaries on the practice of gas
chromatography and capillary electrophoresis is
likely to make capillary liquid chromatography.
i.e., micro HPLC with packed quartz capillaries,
the method of choice for analytical HPLC. The
miniaturization of the column diameter will per
se probably not augment separation speed or
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Fig. 10. Separation time versus plate number calculated for 5
cm long columns packed with 8-um particles of various pore
sizes as indicated. Conditions correspond to D_ =10 ® cm’/
s, molecular diameter of the eluite is 40 A. k' = 3.3, and the
ratio of intraparticulate and interstitial flow velocities u'/u =
1072, From Ref. [47).
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Fig. 11. Separation of B-lactoglobulin B and A by isocratic
elution. Column, 10 X 4.6 mm, packed with the micropellicu-
lar sorbent; eluent, 36.75% (v/v) acetonitrile in water con-
taining 0.1% (v/v) TFA; flow-rate, 3 ml/min; temperature,
%0°C; column inlet pressure, 14.7 MPa; sample size, 10 ng;
detection at 210 nm. From Ref. [34].

efficiency in a major way. Yet, there are numer-
ous other considerations, such as environmental-
ly correct low solvent consumption, high mass
sensitivity, low heat capacity, and easy conjuga-
tion with other analytical techniques, e.g. capil-
lary electrophoresis and mass spectrometry, that
may contribute to the progress in the miniaturi-
zation of HPLC.

4. Operational parameters
4.1. Temperature

Temperature has been an underrated oper-
ational parameter in HPLC and the potential
advantages of elevated column temperatures,
such as enhanced kinetic and transport prop-
erties, have yet to be widely exploited for rapid
analysis of biological macromolecules by HPLC.
The disinterest in controlling temperature in
HPLC is due to the relatively small effect of
temperature on s